A novel microwave calibration source for a fully polarimetric radiometer (FPoR) is proposed for internal calibration by the electrical operation instead of a mechanical structure at S-band. The proposed correlated noise calibration source (CNCS) using microwave components can generate vertical and horizontal polarized signals; additionally, linearly and circularly polarized signals (third and fourth Stokes parameters) are also estimated by injecting correlated noise. In contrast to existing mechanical calibration sources, this calibration source can be designed by miniaturization. Based on measured quantities under realistic conditions, the uncertainty was evaluated according to the states of the SPDT switches and phase shifters of the CNCS.
| INTRODUCTION
The calibration of a fully polarimetric radiometer (FPoR) is an important task to provide accurate measurements of the brightness temperatures of remote sensing targets. 1 Recently, the calibration of FPoRs is done using a fully polarimetric calibration standard (FPCS) with approach in the X-band, Kaband, and W-band. [2] [3] [4] [5] These calibration standards are operated from a mechanical set-up that rotates a linearly polarized calibration standard and a retardation plate in front of the antenna with periodic calibration. However, the existing FPCS is not suitable for relatively portable size that operates on a low-frequency band due to a large antenna. [2] [3] [4] [5] Moreover, it will be sensitive to the physical temperatures of the core components such as the polarizing wire grid and the retardation plate. Moreover, frequent refilling of liquid nitrogen given the effect of evaporation is required for a cold target. In this letter, the internal calibration structure of an FPoR is suggested as a novel calibration methodology from an electrical operation instead of a mechanical structure at Sband. It can be operated by minimizing ambient temperature effects compared to the external calibration standard. [2] [3] [4] [5] In addition, it can be realized with a relatively compact source size regardless of the frequency band. Figure 1 shows the proposed correlated noise calibration source (CNCS) in a conventional FPoR receiver. The FPoR receiver can be operated either as a total power radiometer in the measurement mode or as a Dicke switch in the calibration mode. 1 In the calibration mode, the minimum number of independent observations is five, to determine the unknown gain and offset matrix of the FPoR as follows
| PROPOSED INTERNAL CALIBRATION SOURCE
cold sources (ACS) can be used as internal noise temperature sources. 6 Specifically, phase shifters transform part of the linearly polarized signal into a circularly polarized signal. These signals generated from the CNCS are represented as the noise temperatures, and they are critically affected by the power transmission factors, mismatch factors and phases of the microwave components. As shown in the example when X 1 = 0 in Figure 1 , the relationship between M 1 , P cold1 , and P in1 is P in1 = P cold1 M 1 , where M 1 , P cold1 , and P in1 are the mismatch factor, the power available from the ACS, and the active power input to the SPDT, respectively. 7 Here, because the noise temperature is proportional to the available power P = kTB, where k is the Boltzmann constant, T is the noise temperature, and B is the bandwidth, the relationship between T in1 and T cold1 can be represented as follows:
From T in1 when X 1 = 0, the relationship between T in1 and T out51 can be expressed as
where T out, 51 is the output noise temperature of port 5 from port 1 when X 1 = 0; T a is the ambient temperature, and t 51 is the power transmission factor from the channel between port 1 and port 5 shown in Figure 1 . Based on Equations 1 and 2, the output noise temperature of the quadrature hybrid coupler, T out51~T out64 , can be determined from the switch states of X 1 and X 2 shown in Figure 1 . In this case, because the two noise temperatures are combined from the quadrature hybrid coupler, the combined signals can be expressed as follows:
where R is the impedance of the system; T out, x1 is either T out, 51 or T out , 52 ; T out, x2 is either T out, 53 or T out, 54 ; T y1 is either T out, 61 or T out, 62 , and T y2 is either T out, 63 or T out, 64 based on the SPDT switch states of X 1 and X 2 . In the same manner, φ x1 , φ x2 , φ y1 , and φ y2 are the phases of each CNCS channel. From the vertically and horizontally polarized signals, that is, S v(h) , linearly and circularly polarized signals are also estimated from Equation 4 as follows:
T v 2 6 6 6 6 6 6 4 the SPDT switches and phase shifters to determine the associated unknown gain-offset matrix by cross-correlating the vertical and horizontal brightness temperatures.
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3 | EXPERIMENTAL RESULTS AND UNCERTAINTY EVALUATION Table 1 shows the generated brightness temperatures from the experiment results according to the states of the SPDT switches and phase shifters. Thus, the associated unknown gain-offset matrix in Equation 1 can be determined from five independent observations in Table 1 . [2] [3] [4] [5] The standard uncertainty of the generated brightness temperature mostly involves power transmission factors, mismatch factors, and the phases from the whole network as shown in Figure 2 . The standard uncertainty of the CNCS can be calculated from c z Á u(z), where u(z) is the uncertainty of z, and c z is the sensitivity coefficient in accordance with z, which can be represented by ∂T k /∂z with the subscripts k = v, h, 3, and 
T hot1 --0.13 0.13 ---0.12 0.12 -T hot2 -0.14 -0.14 --0.14 -0.15 - . u(z) is calculated with Type A approaches, known as the SD of the mean based on a set of several repeated readings of the measured quantities. With these standard uncertainties, each combined standard uncertainty according to the statuses of the SPDT switches can be expressed as in earlier work.
To obtain the uncertainty values from five independent observations, the power transmission factors, phases, and mismatch factors of the CNCS were measured with the VNA as the whole network according to the states of the SPDT switches and phase shifters. Specifically, mismatch factors are calculated from the reflection coefficients by measurement. From the measured quantities, the uncertainties are calculated on a linear scale. From the results in Table 2 , the phases and power transmission factors were determined to be the factors that influence the uncertainty most. Comparing the results of the existing FPCS, the total uncertainty values of the proposed CNCS, that is, the expanded uncertainty, are somewhat larger because the output noise temperature of the CNCS is sensitive to the fluctuation of the power transmission factors over time. Thus, uncertainty results of approximately 1 K are considered to represent a sufficient operational performance of the microwave radiometer. 4 Additionally, the effect of the mismatch factor can be minimized using additional isolators even if the generated noise temperatures are increased by the power transmission factors.
| CONCLUSION
We proposed a novel fully polarimetric calibration source at S-band using microwave components to achieve a smaller size relative to that in the existing FPCS. The uncertainty results of the CNCS are summarized with the 2σ uncertainty. With the microwave approach using the proposed CNCS, internal calibration of the FPoR is expected to have a more accurate performance in areas such as airborne and satellite missions.
